High-speed back-illuminated InGaAsP/InP unitraveling-carrier photodiodes (PDs) at 1064 nm were demonstrated with 3-dB bandwidth of 17.8 GHz at −5-V bias. PDs with 40-µm-diameter deliver RF output power as high as 19.5 dBm at 13 GHz. This structure can achieve low dark current density of 1 × 10 −8 A/cm 2 at −5-V bias and quantum efficiency of 45.2% at 1064 nm. An analytical model based on S-parameter fitting was built to extract parameter to assess the bandwidth limiting factors.
I. INTRODUCTION
I N RECENT years, the application of the 1064nm wavelength band has been widely used in the laser ranging, altimetry, nonlinear optics, medical treatment, coherent detection, and atmospheric remote sensing, which benefits from the outstanding features of Nd:YAG lasers with characteristic of high gain, low threshold and good optical properties [1] , [2] . Yb-doped fiber amplifiers (YDFA's) also give the potential to build RF photonic system, offering broadband amplification (from 975 nm to 1200 nm), excellent power conversion efficiency and high gain in a short length of fiber [3] , [4] . On the other hand, YDFA's can avoid excited state absorption and concentration quenching by interionic energy transfer, which become well-known complications for erbium-doped amplifiers(EDFA's) [3] . High-power PDs with large bandwidth are key components to RF photonic system [5] - [7] , providing the potential to eliminate electronic power amplifiers and replace optical devices in coherent detection system. Recently, photodiodes with high quantum efficiency of 98%±0.8% at 1064nm has been presented in reference [8] . However, there is few researches on high-speed PDs at this wavelength. The bandwidth and RF power of uni-traveling-carrier (UTC) PDs have been demonstrated to be higher than p-i-n PDs [9] , since only photo-generated electrons are injected into the drift layer and give rise to the photocurrent, while the excess holes quickly decay at the dielectric relaxation time in p-doped absorber.
In this letter, we report high-speed back-illuminated UTC PDs with InGaAsP absorption material grown on InP for 1064nm high speed detection, which show 3-dB bandwidth of 17.8 GHz at −5 V bias. PDs with 40 μm-diameter deliver RF output power levels as high as 19.5 dBm at 13 GHz. It is also noted that PDs with InGaAs absorber can also be used for 1064nm detection. However, InGaAsP materials have larger bandgap than the InGaAs, which are expected to have less thermal generated rate and thus lower dark current. Therefore, it should be desirable to design the PD with larger bandgap absorber while targeting at same wavelength. The detailed epitaxial design of device, measurement setup, and experimental results are described. Bandwidth limiting factors were analyzed through a model that utilized the parameters extracted from S11 fitting.
II. DEVICE DESIGN
The epitaxial layer design of PDs and band diagram are shown in Fig. 1 . The structure was grown on semi-insulating InP substrates. A 100 nm n-type InP layer with a doping concentration of 1 × 10 18 cm −3 is then grown to reduce Si diffusion into drift layer [10] . A 900 nm-thick lightly 1041-1135 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. n-doped InP electron drift layer was designed to reduce the junction capacitance and thus increased the RC-bandwidth limitation. A 50 nm-thick n-doped (1.4 × 10 17 cm −3 ) InP cliff layer was used to maintain high electric field in the depleted absorber [11] . Two 15 nm-thick p-doped InGaAsP quaternary layers with larger bandgap were used to smooth the conduction band offset between InP and InGaAsP absorber, which can suppress charge accumulation at the heterojunction interfaces [12] . In p-type absorbing layer, the doping of InGaAsP was graded in four steps in order to create a quasielectric field that assists electron transport [12] . The p-type contact was formed using 100 nm heavily p-doped InP and 50 nm InGaAs.
As the excess holes in the p-doped absorption layer decay quickly and only electrons (with higher mobility than holes) transit through the drift layer, UTC PDs have higher bandwidth than traditional p-i-n PDs. The space charge accumulation at high RF output, which is referred to as the space charge effect, can also be suppressed by this uni-travelling-carrier effect associated with the p-doped cliff layer [11] . UTC PDs were fabricated by a double mesa process through lithography and wet etch which is finally connected to gold-plated bonding pads through an air-bridge.
III. CHARACTERIZATION

A. Dark Current and Quantum Efficiency
The device with 500 μm diameter was fabricated to measure the dark current and quantum efficiency (QE). The dark current versus bias voltage characteristics are shown in Fig. 2 . The PDs show low dark current of 2 × 10 −11 A at −5 V. The corresponding dark current density is 1 × 10 −8 A/cm 2 , which is near four order lower than those of UTC-PDs with InGaAs absorber reported in Ref [13] - [15] .
The quantum efficiency was measured from 900nm to 1600nm by comparing the photo response of the InGaAsP UTC device to that of a calibrated commercial Ge photodiodes. A tungsten lamp with broadband spectum followed by a grating spectrometer was used to generate a monochromatic light. In order remove the high order short wavelength generated in the spectrometer, a longpass filter with cuffoff wavelength of 830nm was used during the measurement. The quantum efficiency of the device without anti-reflection coating at the wavelength range 900 nm to 1600 nm is shown in Fig. 3 , where the typical quantum efficiency of the PDs at 1064nm achieves 45.2% at 0 V. The device exhibites very similar quantum efficiency performance at different bias from 0 V to −5 V, indicating the long diffusion length of the InGaAsP absorber.
B. Bandwidth
The Optical heterodyne setup is showed in Fig. 4 . Two distributed feedback (DFB) lasers with wavelengths near 1064nm were heterodyned to generate a modulated optical signal. An electric spectrum analyzer along with reference PD was used to track the beat frequency from one output arm of the optical fiber coupler, which was controlled by thermally tuning one of the DFB lasers. The amplitude of optical signal was controlled by an YDFA at the other output arm of the coupler, which can provide stable and high power beam, together with a variable optical attenuator, aimed at maintaining different levels of light intensity in bandwidth measurement setup. A lensed fiber was used to coupled light into the back-illuminated device. The RF power was finally measured by a R&S powermeter NRP2 through a bias tee and RF cables. In order to achieve uniform illumination, the lensed fiber was lifted to the position where the responsivity dropped by 50% during the measurement. Fig. 5 shows the result of measured 3-dB bandwidth of PDs with 34 and 40 μm-diameter at 20, 40 and 60 mA average photocurrent and 5 V reversed bias with 50 load. The 34 μm-diameter device achieved 17.8 GHz with photocurrent of 60 mA at −5 V. It can be observed that bandwidth is enhanced with higher photocurrent, which is attributed to the fact that the photo-generated carriers induce an electric field assisting electron transport in the un-depleted absorption region.
C. RF Power Saturation
The setup of RF power saturation measurement is similar to the bandwidth measurement as described above in Fig. 4 . Saturation is characterized by measuring the RF output as a function of average photocurrent at a fixed frequency. Fig. 6 show the RF output power of 34 and 40 μmdiameter devices at 3-dB bandwidth and −5 V. PDs with 40 μm-diameter can deliver high RF output power levels up to 19.5 dBm at 13.0 GHz, and the device with 34 μm-diameter can reach 17.9 dBm at 17.8 GHz. It is observed that the power increases prominently with increasing photocurrent before it saturates, which indicates the enhancement of bandwidth at Fig. 6 . RF power versus average photocurrent for 34 and 40 μm-diameter devices at 3 dB-bandwidth and −5 V bias. Fig. 7 . UTC PDs circuit model for S11 fitting.
higher photocurrent. The saturation current is defined as the average photocurrent where the RF power compression curve drops by 1 dB from its peak value. The 40 μm-diameter device saturates at 80 mA photocurrent at 13.0 GHz. And the 34 μm-diameter device exhibits lower saturation photocurrent of 69 mA at 17.8GHz.
D. S11 Fitting and Bandwidth Limiting Factors
The scattering parameter S11 of back-illuminated device was measured by using a Vector Network Analyzer (VNA) up to 67 GHz. The parameter fitting was done in Advanced Design System (ADS) software, with equivalent circuit model is shown in Fig. 7 . I s , R p , C pn , R s represent the AC current source, the junction resistance, the junction capacity and the series resistance, respectively. The 3D-model of gold-plated pad and air-bridge was built and extracted from Ansys electromagnetic simulation software, which includes the parasitic capacitance and parasitic inductance of the air-bridge. Fig. 8 shows the measured S11 on Smith charts and the fitting results for PDs with 40 μm-diameter and 34 μm-diameter at the reversed bias of 5 V. The extracted parameters are summarized in Table I , as well as the capacitances calculated by Eq. (1) .
where ε 0 , ε r , A, d are the permittivity of free space, the dielectric constant of InP, area of device and width of depletion region, respectively. The extracted R p , typically on the order of Gig-, and parasitic capacitance and parasitic inductance of air-bridge, which are included in the 3D-model of goldplated pad in HFSS software, are not shown in this table. Using the parameter extracted from S11 fitting, the overall 3-dB bandwidth can be estimated by [16] :
where f tr and f RC denote the transit-time-limited and RC-limited bandwidth. The transit-time-limited bandwidth can be calculated through the time accumulated by an electron that transporting in un-depleted InGaAsP absorber and depleted InP drift layer. Fig. 9 shows a good agreement between the simulated and measured 3-dB bandwidth. It is also indicated that the device with diameter less than about 40 μm is transit-time-limited for this epitaxial design. However, it is also noted that the total 3-dB bandwidth is still under the influence of the device size as the diameters of the device under test (34 and 40 μm-) are close to this critical size.
IV. CONCLUSION
In this letter, we reported back-illuminated UTC PDs with 3-dB bandwidth of 17.8 GHz at 1064nm wavelength. Under −5 V bias, PDs with 40 μm-diameter can deliver RF output power level as high as 19.5 dBm at 13 GHz, with saturation current of 80 mA. The structure can achieve low dark current density of 1×10 −8 A/cm 2 at −5 V bias and quantum efficiency of 45.2% at 1064nm wavelength. An analytical model was built to fit the S-parameter in order to assess the bandwidth factor of this epitaxial design. It is found that the bandwidth of the device with diameter less than 40 μm was mainly limited by carrier transit time in PD.
